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Abstract
Nanoscale alloying and phase transformations in physical mixtures of Pd and Cu ultraﬁne
nanoparticles are investigated in real time with in situ synchrotron-based x-ray diffraction
complemented by ex situ high-resolution transmission electron microscopy. The combination of
metal–support interaction and reactive/non-reactive environment was found to determine the
thermal evolution and ultimate structure of this binary system. At 300 °C, the nanoparticles
supported on silica and carbon black intermix to form a chemically ordered CsCl-type (B2) alloy
phase. The B2 phase transforms into a disordered fcc alloy at higher temperature (> 450 °C). The
alloy nanoparticles supported on silica and carbon black are homogeneous in volume, but
evidence was found of Pd surface enrichment. In sharp contrast, when supported on alumina, the
two metals segregated at 300 °C to produce almost pure fcc Cu and Pd phases. Upon further
annealing of the mixture on alumina above 600 °C, the two metals interdiffused, forming two
distinct disordered alloys of compositions 30% and 90% Pd. The annealing atmosphere also
plays a major role in the structural evolution of these bimetallic nanoparticles. The nanoparticles
annealed in forming gas are larger than the nanoparticles annealing in helium due to reduction of
the surface oxides that promotes coalescence and sintering.
Keywords: x-ray diffraction, nanocatalysts, alloying, phase transformations
1. Introduction
The study of multi-metallic nanoparticles is an active area of
research due to the ﬂexibility to tune nanoparticle properties
for various applications through manipulation of their struc-
ture and composition. Metallic nanomaterials have a wide
range of applications from electronics to catalysis. In
particular, the surface structure, composition distribution, and
ordering properties of nanoscale alloys are of interest as they
play a major role in determining the chemical reactivity and
selectivity of nanoparticle catalysts. To date, widespread
commercialization of fuel cells is hindered by the high cost of
the platinum catalysts. Nanoalloy catalysts are promising
alternatives to bulk noble metal catalysts like Pt and Au. Pd
has lower activity when used as a catalyst in fuel cells, but
when combined with transition metals the resulting alloy
activity becomes comparable with that of Pt-based catalysts
[1]. The inﬂuence of metals such as Fe, Cu, Co, Mn, and Mo
on the catalytic performance of Pd in many chemical
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reactions was reviewed by Coq and Figueras [2] and Wang
et al [3]. Bimetallic Pd nanoparticles have also been found to
be good catalysts in hydrogenation reactions and as hydro-
gen-storage materials [4]. Interestingly, the Pd/Cu alloys were
found to be resistant to H2S poisoning when they have an fcc
structure. Pd membranes also enhance efﬁciency and reduce
costs in the coal-gasiﬁcation process [4]. Finally, PdCu alloys
have applications in oxygen-assisted water gas shift reactions
[5] and selective hydrogenation of dienes [6].
Thermal annealing is an important step for the activation
and stabilization of nanoscale catalysts. Since catalytic
activity is promoted by active sites that in turn can be con-
trolled by size, morphology, and composition distribution, to
enhance the electrochemical activity the nanocatalysts are
typically heat treated in various atmospheres. At high tem-
perature, the nanostructures undergo phase reconstructions
and phase transformations as well as morphological and size
changes that result in modiﬁed electronic band structures. In
particular, the alloy formation, composition, and structure are
dictated by this post-preparation treatment. Alloying has been
studied extensively in bulk multi-metallic systems. However,
alloying is not fully understood in nanoparticle systems.
Oftentimes, annealing of nanoparticles leads to limited alloy
uniformity and the presence of multiple alloy phases. The
alloy phases become more uniform with longer annealing
times and higher temperature, but the process is typically
accompanied by inevitable sintering, resulting in larger par-
ticle size.
The alloying process depends mainly on composition and
temperature. In the case of multi-metallic nanoparticles,
however, the synthesis method was also found to play a major
role for catalysis properties. For example, carbon-supported
PdCu bimetallic nanoparticles with composition ratios ran-
ging from 1:9 to 9:1 synthesized by co-impregnation were
surveyed by Wang et al in the temperature range 300 °C to
800 °C [3]. They reported the highest electrochemical activity
for molar ratios of 1:1 and 1:3 heat treated at 600 °C. Kairuki
et al [7] explored organic monolayer stabilized alloy PdCu
nanoparticles having a composition ratio of 1:1 and 1:3
synthesized by the colloidal preparation method. The random
solid solution alloy structure for a bimetallic composition of
Pd:Cu = 1:1 exhibited higher mass activity for electrochemical
oxidation of methanol. The (1:1) PdCu/C mass activity was
also found to increase with the increase in heat treatment and
particle size. In a recent study [8], as-synthesized PdCu
nanoparticles supported on carbon were also shown to exhibit
enhanced electrocatalytic activity in alkaline electrolyte in
comparison with pure Pd. The observed difference of the
electrocatalytic properties was attributed to the surface
enrichment of Pd on the alloyed PdCu surface [8].
A review of the literature shows that the nanoparticle
structure is sensitive not only to composition, temperature,
and preparation technique but also to annealing atmosphere.
Using high-angle annular dark-ﬁeld scanning transmission
electron microscopy (HAADF-STEM), Yin et al [9] found
that Pd85Cu15/C nanoparticles are crystalline with a random
solid-solution structure, while Pd39Cu61/C nanoparticles have
a chemically ordered PdCu structure along the [110] axis after
annealing at 400 °C in an inert atmosphere. Using TEM and
extended x-ray absorption ﬁne structure (EXAFS), Mattei
et al [10] studied the 3:1 Pd:Cu solid solution obtained by
sequential ion implantation in silica in selected atmospheres
of air and forming gas. They identiﬁed migration of Pd atoms
to the surface and formation of large clusters when the
material was annealed in a reducing atmosphere. When the
nanoclusters are annealed in air, Cu oxidizes to CuO and
forms a partial shell around a Pd-rich core. The atomic ratio of
Pd/Cu was also found to depend on the implantation range.
Last but not least, the structure of nanosized bimetallic
nanoparticles depends on the nature of the support. Supported
metal particles are ideal candidates for investigating support-
related properties and effects. The support–nanoalloy inter-
action inﬂuences structural and chemical ordering in the
nanoparticles and may inﬂuence the formation of active sites
on the nanoalloys for catalysis. Strukul et al [11] reported on
the activity of Pd on Cu-alumina supports. Sun et al [12] used
electron energy loss spectroscopy (EELS) and energy dis-
persive x-ray spectroscopy (EDX) combined with STEM to
conclude that the ﬁnal structure is dependent on metal loading
and speciﬁc reduction processes. They had studied the PdCu
nanoparticles at 523 K, 773 K, and 1073 K, and there was no
evidence of formation of the expected ordered B2 phase.
At 523 K and 773 K, the nanoparticles had compositions
ranging from pure Pd to PdCu alloys. On further reduction at
1073 K, PdCu alloys with either Pd- or Cu-rich surfaces were
formed.
Considerable work has been done to study the structural
evolution of PdCu alloy nanoparticles. This paper focuses on
nanoscale alloying via thermal evolution of mixtures of
ultraﬁne Pd and Cu precursor nanoparticles. The Pd:Cu molar
ratio is nominally 1:1, and the temperature range monitored is
25 °C–700 °C. The fast phase transformations at the nanos-
cale are probed with synchrotron-based in situ x-ray diffrac-
tion (XRD). We have previously demonstrated the utility of
this technique for unraveling the phase and morphological
transformations in other binary and ternary nanoparticles
including AuPt, PtNiCo, and AuCu [13–15]. The XRD
experiments are complemented with ex situ transmission
electron microscopy. The nanoscale alloying and the time
evolution of Pd:Cu nanoparticles mixtures on various surfaces
(SiO2/Si, carbon, and alumina) are examined in helium and
forming gas atmospheres. Recently, we reported the structural
evolution of Pd:Cu nanoparticle mixtures dispersed on carbon
[16]. The structural evolution of Pd:Cu nanoparticle mixtures
dispersed on SiO2/Si and carbon annealed in helium and
forming gas were qualitatively similar in nature. The Pd and
Cu nanoparticle mixtures were found to form an ordered alloy
phase with CsCl-type (B2) structure upon annealing at
300 °C. When annealed at 700 °C, the nanoparticles undergo
a phase transformation from B2 to a disordered fcc structure.
Surprisingly, though, the evolution of the nanoparticle mix-
ture follows a different path for mixtures dispersed on alu-
mina. In the latter case, the two metals segregate into Cu- and
Pd-rich domains at 300 °C, and the B2 alloy structure was
absent throughout the annealing process. Upon annealing at
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higher temperature, the two metals inter-diffused to form
disordered alloys.
2. Experimental section
2.1. Synthesis
The organic-monolayer–capped ultraﬁne metal nanoparticles
were synthesized by a combination of reduction/decomposi-
tion and thermal processing using metal precursors, reducing
agents, and capping agents. The Pd and Cu nanoparticles
capped with decanthiolate monolayers were synthesized
separately according to the techniques detailed in [15, 17, 18]
and the references therein.
Copper nanoparticles. The synthesis of decanethiolate-
capped Cu nanoclusters was recently described [15, 17]. In
the modiﬁed synthesis, CuCl2 was dissolved in water
(40 mM) in the presence of 430 mM of potassium bromide
to convert Cu2+ to CuBr4
2−. This solution was then mixed with
a solution of tetraoctylammonium bromide (TOABr) in
toluene (40 mL toluene, 1 g TOABr) under vigorous stirring
to induce a phase transfer of the CuBr4
2− from the aqueous
phase to the organic phase. After stirring for 45 min, the
aqueous solution was removed, leaving a deep maroon-
colored organic phase. The copper toluene solution was
stirred under an argon purge to eliminate all oxygen from the
system. After purging for 30 min, 1.0 mL of decanethiol was
added, causing the solution color to change from maroon to
clear. Next, 10 mL of a solution of sodium borohydride in
water (1 M) was added drop-wise to the solution. The solution
became a deep cloudy orange, indicating the formation of
copper nanoparticles. The solution was stirred under argon for
2 h. After removing the water layer, the Cu nanoparticles in
the toluene phase were collected for further experiments.
Palladium nanoparticles. The synthesis of palladium
nanoclusters was modiﬁed from Murry’s protocol [18].
Starting from potassium tetracholoropalladate (K2PdCl4;
18 mM) as metal precursor dissolved in H2O, TOABr as the
surfactant dissolved in toluene (125 mL toluene, 0.38 g
TOABr) was added into the solution. After 15–20 min
stirring, PdCl4
2− showing as deep red was transferred into
the toluene phase, followed by the H2O layer removal, 0.4 mL
decanethiol was added to the toluene solution, turning the
deep red to an orange color. Then 10 mL of a 0.45M solution
of NaBH4 in water was added drop-wise to the solution. The
Pd nanoparticles in the toluene phase were collected after
stirring overnight.
Nanoparticle mixtures. The sizes of the as-prepared Pd and
Cu nanoparticles measured with TEM were 1.8 ± 0.2 nm and
0.7 ± 0.2 nm, respectively. These Pd and Cu nanoparticles
were extracted in an organic solvent like toluene. Inductively
coupled plasma atomic emission spectroscopy (ICP-AES)
analysis revealed the composition of the as prepared mixture
to be 34% (Pd) to 66% (Cu). The nanoparticle mixtures were
then dispersed on various substrates: 0.5 μm thick thermal
SiO2 ﬁlm on Si (100) wafer (referred to as SiO2/Si substrate),
carbon black powder, and alumina membranes, then dried in
air. The carbon black powder and alumina membranes were
then mounted on SiO2/Si substrates for the XRD
measurements. This was followed by heat treatment and
in situ measurements of the nanoparticle evolution. We expect
that most of the organic material evaporates while the samples
are being annealed at temperatures above 200 °C.
2.2. Instrumentation and measurements
The structural evolution of Pd:Cu nanoparticle mixtures was
studied with in situ synchrotron-based x-ray diffraction and
ex situ transmission electron microscopy to extract structural
parameters such as size, and composition.
In situ real-time x-ray diffraction. The main experimental
technique used to study the structural evolution of the
physical mixture of Pd and Cu nanoparticles is synchrotron-
based in situ real-time XRD. Conventional lab-based XRD
can give information on the atomic structure and particle size,
but it requires extremely long acquisition time to study the
effects of the annealing on the structure of metal
nanoparticles. The high x-ray ﬂux of synchrotron sources
enables high-quality time-resolved x-ray diffraction
experiments. These experiments provide insight into the
formation of various crystallographic phases and particle sizes
in small volumes of nanomaterials. On a fundamental level,
they provide information on the details of structural evolution,
the processes of metal nanoparticle coalescence, and the
effects of substrates on the nanoparticles. Our experiments
were performed at the beamline X20C at the National
Synchrotron Light Source at Brookhaven National
Laboratory. The energy of the x-rays is 6.9 keV (1.79 Å
wavelength). This beamline is equipped with a custom
vacuum chamber and linear position-sensitive detector.
Additional capabilities include a rapid thermal annealing
stage in a continuous ﬂow of high-purity helium gas or
forming gas (5.17% H2 in N2). A linear position-sensitive
detector was used to record the XRD pattern around the face-
centered cubic (111) and (200) peaks (45°–60° angular range)
with two-second time resolution. The nanoparticle mixtures
dispersed on carbon powder, 0.5 μm-thick SiO2 layer, and
alumina membranes were supported by a Si (100) wafer that
was held in place with four pins on a molybdenum sample
holder. High vacuum was ﬁrst established in the sample
chamber at the beginning of the experiments to remove all
oxygen, and then the chosen gas was continuously ﬂowed.
Various thermal treatments are made possible by a Eurotherm
programmable temperature controller measuring the
temperature of the sample holder with a thermocouple. The
annealing protocol was carried out in two steps: (a) isothermal
annealing at 300 °C, in which case the temperature of the
sample is increased from 25 °C to 300 °C with a high heating
rate (1000 °C min−1) at time t= 0 s and is then maintained at
the ﬁnal temperature for 10 min, and (b) ramped annealing
from 300 °C to 700 °C with a heating rate of 40 °Cmin−1
Sci. Technol. Adv. Mater. 15 (2014) 025002 V Mukundan et al
3
starting at time t= 0 s. Each of the annealing cycles lasted for
ten minutes. Before and after each thermal treatment θ–2θ
scans were recorded in the 20°–60° angular range at room
temperature. The data was extracted and ﬁtted with a series of
Lorentzian curves to calculate the lattice parameter, the
average coherent grain size (using the Debye–Scherrer
formula [19]), and the integrated intensity as a measure of
the phase volume. The lattice parameters of each of the
phases were calculated from the θ–2θ scans done after the
samples were quenched back to room temperature from
300 °C and 700 °C.
Transmission electron microscopy was carried out using
a FEI Titan TEM at Purdue University with an acceleration
voltage of 300 kV and with sub-0.24 nm point-to-point
resolution. The nanoparticle mixtures were ﬁrst thermally
treated during our in situ synchrotron XRD studies, detailed
above. These nanoparticles were removed from substrates by
suspension in hexane and dispersed on ultra-thin carbon ﬁlm-
coated copper grids and air dried at room temperature. The
image ﬁles were processed using Image J software for the
purpose of determining particle size distribution and obtain-
ing lattice parameters. The bright ﬁeld imaging was carried
out with 125 000–250 000 magniﬁcation, while the high-
resolution images were taken at 400 000–1 000 000 magniﬁ-
cation. A fast Fourier transform (FFT) algorithm applied to
high-resolution images was used to calculate lattice spacings
and lattice parameters. The FFT images were compared with
simulated diffraction patterns using SingleCrystal, a software
package by Crystalmaker.
HAADF-STEM observations were carried out using a
probe-corrected Hitachi HD 2700 C at the Center for
Functional Nanomaterials (CFN) at Brookhaven National
Laboratory. The STEM images were acquired at 200 kV with
a spatial resolution of 1.4 Å. The microscope has a cold ﬁeld
emission electron source and a high-resolution Gatan Enﬁna
energy loss spectrometer. EDX analysis was carried out in the
Sci. Technol. Adv. Mater. 15 (2014) 025002 V Mukundan et al
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Figure 1. (a) Color map of the XRD intensity evolution for Pd nanoparticles annealed at 500 °C on SiO2/Si support in a helium atmosphere.
(b) θ–2θ XRD scan after the thermal treatment of Pd nanoparticles in (a). (c) Color map of the XRD intensity evolution of Cu nanoparticles
dispersed on SiO2/Si ramped annealed from 25° to 225 °C in helium gas. (d) θ–2θ XRD scan after the thermal treatment of Cu nanoparticles
in (c).
analytical probe mode. Palladium and copper maps were
acquired using the x-ray energy emission lines corresponding
to Lα of Pd (2830 eV) and Kα of Cu (8030 eV).
3. Results
First, we present results for control samples of pure Pd and
pure Cu nanoparticle samples supported on SiO2/Si; then we
describe the behavior of Pd:Cu nanoparticle mixtures on
different substrates and annealed in different atmospheres.
3.1. Control samples
The palladium nanoparticles are expected to coalesce and
sinter to form bigger particles when annealed at high tem-
peratures, similar to the behavior observed for Au and Pt
nanoparticles [13, 15]. The smaller Cu nanoparticles, on the
other hand, react with the alkanetiolate capping agent
(dodecanethiol) to form Cu2S nanodisks when annealed at
relatively low temperature (∼140 °C) [17].
3.1.1. Pd nanoparticles. To study the behavior of single-
metal Pd nanoparticles, these particles were dispersed on
SiO2/Si substrates and isothermally annealed at 500 °C in
helium gas. The Pd nanoparticles were found to form larger
Pd nanoparticles and a few compounds, as shown in ﬁgure 1.
The peak at 46.4° corresponds to the Pd (111) reﬂection. A
survey of the θ–2θ scan shown in ﬁgure 1(b) done after
annealing at 500 °C suggests the formation of palladium
sulﬁde (PdS), palladium oxide (Pd2O), and palladium
chloride (PdCl2). The peaks at 43.2° and 50.3° correspond
to the (111) and (200) reﬂections of Pd2O. Pd2O has a cubic
structure with Pd occupying the corner of the cube while O
atoms occupy the face centers. The calculated value of the
lattice parameter of 4.22 ± 0.01 Å was similar, with the value
for bulk Pd2O 4.28 Å reported in the literature [20]. The data
was also checked for the formation of the more common
palladium (II) oxide (PdO), but none of the reﬂections in our
data matched the expected PdO reﬂections. The peaks at
37.6° and 41.4° correspond to the PdS (201) and (211) planes,
respectively, with a P42/m (tetragonal) space group and a
lattice parameter of 6.2 Å that is consistent with expectations
[21]. The remaining reﬂections at 48.1° and 57.3° likely
correspond to the (112) and (114) planes of the PdCl2 that has
octahedral structure with Pnmn space group [21] and a lattice
parameter of 3.81 Å. The formation of Pd2O and PdS is likely
due to the proximity reaction of Pd atoms with the capping
molecules containing oxygen and sulfur. However, the
formation of PdCl2 is likely due to the presence of residual
Cl from the metal precursor potassium tetrachloropalladate
used to synthesize the Pd nanoparticles.
3.1.2. Cu nanoparticles. The Cu nanoparticles on SiO2/Si
substrates were monitored during ramp annealing from 25° to
225 °C in helium gas (ﬁgure 1(c)) and were found to form
Cu2S nanodisks. The diffraction data reveals peaks at 51.6°,
54.3°, and 57.4°, as shown in ﬁgure 1(d). The peak at 51.6°
corresponds to the Cu (111) plane. The peaks at 54.6° and
57.4° correspond to the Cu2S (110) and Cu2S (103)
reﬂections. Mott et al [17] have previously reported that
copper nanoclusters synthesized by the two-phase method
react with the capping agent, alkanethiolate, to form copper
sulﬁde nanodisks in a thermally activated reaction. A similar
behavior was seen in the evolution of the Au–Cu nanoparticle
mixtures [15]. Yin et al also observed that TOABr, the phase
transfer catalyst, plays a role in the formation of the Cu2S
[22].
3.2. Pd:Cu nanoparticle mixtures on SiO2/Si
This study focuses on the structural evolution of Pd:Cu
nanoparticle mixtures for two steps of thermal treatment:
(1) isothermal annealing at 300 °C for ten minutes, and (2)
ramp annealing from 300 °C to 700 °C with a heating rate of
Sci. Technol. Adv. Mater. 15 (2014) 025002 V Mukundan et al
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Figure 2. (a) TEM image of the as-synthesized PdCu nanoparticles
mixture (scale bar is 10 nm). (b) TEM image of SiO2/Si-supported
PdCu nanoparticles after annealing at 300 °C in helium gas (scale bar
is 50 nm). (c) TEM image of SiO2/Si-supported PdCu nanoparticles
after annealing to 700 °C in helium gas (scale bar is 50 nm).
40 °C min−1. The evolution route of Pd:Cu nanoparticle
mixtures is different from the temperature-induced structural
evolution of unary nanoparticles. The as-prepared nano-
particle mixtures have a bimodal distribution peaked at
0.7 ± 0.2 nm and 1.8 ± 0.2 nm measured from counting more
than 360 nanoparticles, as shown in ﬁgure 2(a). Based on the
information from the control samples, we assume that the
smaller and larger sizes correspond to Cu and Pd nano-
particles, respectively. The thermal treatment leads to changes
in structure and size. For example, the SiO2/Si supported
Pd:Cu nanoparticles have TEM sizes of 11 ± 7 nm after
annealing in helium gas at 300 °C for ten minutes, as seen in
ﬁgure 2(b). After annealing in helium gas at 700 °C, the
analysis of TEM images as shown in ﬁgure 2(c) revealed an
average particle size of 24 ± 12 nm.
The bulk Pd-Cu system has a complex phase diagram
exhibiting several different ordered structures at different
compositions [23]. From the phase diagram shown in ﬁgure 3,
the Pd-Cu alloys with Pd% between 34% and 50% have an
ordered Cs-Cl-type (B2) structure, also known as the β phase,
at low temperatures and transform to a disordered fcc alloy at
high temperatures. The formation of the B2 phase was
reported also for Pd-Cu nanoalloys in several papers
[4, 7, 8, 23, 24]. If complete alloying occurs in the mixture,
we expect, based on the composition established by ICP-AES
for the as-synthesized sample, the Pd:Cu physical nano-
particle mixtures to behave as bulk alloys with Pd composi-
tion in the range from 34% to 50%.
3.2.1. Annealing in helium gas. We start by examining the
Pd:Cu nanoparticle mixtures dispensed on SiO2/Si substrates
and annealed in high-purity helium gas. The analysis focuses
on the changes occurring in the XRD peaks present in the
angular range of 40° to 60°. This range was chosen in order to
monitor the strongest fcc Bragg peaks, (111) and (200).
Figures 4(a) and (b) show the color map of the XRD intensity
evolution in this range during the two thermal cycles.
Figure 4(c) shows the expanded range of the θ–2θ scan
taken at room temperature after each thermal treatment,
highlighting the presence of two structures, the B2 structure
and fcc structure after annealing at 300° and up to 700 °C,
respectively.
During isothermal annealing of the physical mixture of
Pd and Cu nanoparticles at 300 °C, we found a single
dominant XRD peak growing at 51°. The fact that only one
peak is visible in this range is important, because fcc
structures have two peaks in this range corresponding to (111)
and (200) reﬂections. For example, pure Pd nanoparticles
have an fcc structure with a lattice parameter of 3.92 Å and
exhibit peaks at 46.4° (111) and 54.9° (200) [7], while fcc Cu
nanoparticles with a lattice parameter of 3.59 Å exhibit peaks
at 51.5° (111) and 60.5° (200) [7]. We attribute the single
peak dominating the diffraction pattern in ﬁgures 4(a) and (c)
to the (110) reﬂection of the PdCu alloy B2 phase. The B2
phase has an ordered CsCl-type (B2) structure (space group
Pm3¯m) and exhibits a single (110) peak in the monitored
angular range (lattice parameter of 2.95 ± 0.15 Å) [24].
Unreacted Cu can be excluded even though the Cu (111)
reﬂection partially overlaps with the B2 (110) reﬂection
because the (200) fcc peak is absent. We also note the
presence of other small peaks in the θ–2θ patterns
(ﬁgure 4(c)) likely due to Cu2S nanoparticles.
The formation of the ordered PdCu B2 phase during
annealing of the nanoparticle mixture at 300 °C (ﬁgure 4(a)) is
Sci. Technol. Adv. Mater. 15 (2014) 025002 V Mukundan et al
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Figure 3. Phase diagram of bulk Pd-Cu [23]. Reprinted with permission of ASM International. All rights reserved. www.asminternational.org
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Figure 4. (a) Color map of the XRD intensity evolution for the Pd:Cu nanoparticle mixture on SiO2/Si substrate isothermally annealed at
300 °C in a helium atmosphere showing the formation of the ordered B2 phase. (b) Color map of the XRD intensity evolution of the Pd:Cu
nanoparticle mixture on SiO2/Si ramp annealed from 300 °C to 700 °C in a helium atmosphere showing the transformation of the B2 phase
into a disordered fcc alloy phase. (c) θ–2θ XRD scans after annealing at 300 °C and 700 °C.
evidence for alloying of Cu and Pd at the nanoscale. We note
that the sample heating starts at time zero and that the
temperature stabilizes at 300 °C in less than 20 s. Therefore,
most of the transformation occurs at 300 °C, rather than during
the initial heating. The B2 phase growth becomes visible a
signiﬁcant time (more than 200 s in this case) after the sample
has reached 300°. This incubation time depends on the
temperature and atmosphere of the annealing process. During
this incubation time, the as-synthesized nanoparticles likely
melt and coalesce. Given the small size of the as-synthesized
nanoparticles, it is natural to assume that the ﬁrst step of the
process involves melting of the Cu and possibly even of the Pd
nanoparticles. Unfortunately, our XRD technique is only
sensitive to crystalline phases and does not provide quantitative
information about intermediate amorphous or liquid phases.
The mixing of the two metals likely occurs through diffusion of
Cu from the surface of the larger Pd nanoparticles into their
volume in the non-crystalline phase during the incubation time.
The B2 phase then nucleates and grows into this non-
crystalline alloyed phase.
Additional evidence for the formation of the B2 phase
was obtained from high-resolution TEM images. Figure 5
shows a PdCu nanoparticle after annealing of the mixture at
300 °C for ten minutes. Fast Fourier transform from the
marked particle is indexed as B2 structure with the orientation
along [311] zone axis [24].
In the second thermal treatment the samples were ramp
annealed from 300 °C to 700 °C and a solid-state phase
transformation from the ordered B2 to a disordered fcc
structure was observed, as shown in ﬁgure 4(b). The
transformation is visible between 450 °C and 550 °C, and
the XRD data captures the decay and growth with accuracy.
The new phase emerging is the disordered fcc alloy
characterized by peaks at 50.3° and 58° pertaining to the
(111) and (200) reﬂections, respectively. The lattice para-
meter from the XRD data was found to be 3.7 ± 0.2 Å, close
to the value of 3.7 Å reported by Jones and Owen [25].
The XRD crystalline domain sizes of the PdCu alloy
nanoparticles were calculated with the Debye–Scherrer
equation from in situ θ–2θ scans measured after each thermal
cycle and subsequent cooling to room temperature
(ﬁgure 4(c)). The sizes were found to be 9.7 ± 0.5 nm and
14.4 ± 0.7 nm, after annealing at 300 °C and 700 °C, respec-
tively. These values are representative because the XRD sizes
do not change signiﬁcantly after cooling to room temperature.
We note that the XRD gives a coherently diffracting domain
size that may be different from the particle size determined by
TEM. TEM measures particle size, but the particles may
consist of one or more crystalline domains. As mentioned
above, we estimated an average TEM size of 11 ± 7 nm after
annealing at 300 °C (ﬁgure 2(b)), and an average particle size
of 24 ± 12 nm after annealing at 700 °C in helium
(ﬁgure 2(c)). The good agreement between XRD and TEM
sizes after annealing at 300 °C indicates that the particles are
mostly single-domain. After annealing to 700 °C, there is a
large difference between the TEM and XRD sizes, indicating
that the particles contain more than one domain. The TEM
images of these samples also showed the presence of
nanorods, likely due to Cu2S formation. The large distribution
of the nanoparticle sizes after annealing to 700 °C is due to
large-scale sintering and the difﬁculty in distinguishing
between the PdCu alloy and other compound particles such
as Cu2S. Further discussion of the time evolution of the
particle sizes is given in the following section.
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Figure 5. (a) TEM image of the Pd:Cu nanoparticle mixture after isothermal annealing at 300 °C on SiO2/Si substrate in a helium atmosphere
for ten minutes. (b) The FFT from a marked area in (a) is indexed as [311] zone axis of the PdCu B2 alloy phase. (c) High resolution image of
the PdCu particle marked in (a) reveals uniform lattice fringes across the particle with an inter-planar distance of 2.14 Å that corresponds to
the [110] plane of the B2 phase. Scale bars are 2 nm and 5 nm for images (a) and (c), respectively.
The lattice parameter of the fcc alloy formed after
annealing at 700 °C calculated from the XRD data was found
to be 3.667 Å. Given the lattice parameters of Pd and Cu as
3.89 Å and 3.61 Å, respectively, and assuming Vegard’s law
(linear dependence of the alloy lattice parameter on the lattice
parameters and alloy composition) [26], the Pd fraction was
estimated to be x= 0.28 ± 0.03. This value is within experi-
mental errors, but slightly lower than expected from
measurements of the composition of the as-synthesized
mixture by other techniques. This may be due to composition
inhomogeneity that will be discussed later, or to the presence
of small pure Pd and Cu nanoparticles that cannot be
completely ruled out based on the XRD data alone.
3.2.2. Annealing in a forming gas atmosphere. The
nanoparticles annealed in forming gas display a behavior
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Figure 6. (a) Color map of the XRD intensity evolution for Pd:Cu nanoparticle mixture on SiO2/Si substrate isothermally annealed at 300 °C
in a forming gas atmosphere showing the formation of the ordered B2 phase. (b) Color map of the XRD intensity evolution of the Pd:Cu
nanoparticle mixture on SiO2/Si ramp annealed from 300 °C to 700 °C in a forming gas atmosphere showing the transformation of the B2
phase into a disordered fcc alloy phase. (c) θ–2θ XRD scans after annealing at 300 °C and 700 °C. (d) Time evolution of the calculated XRD
integrated intensities corresponding to the various peaks shown in (b) during ramp annealing from 300° to 700 °C. (e) Time evolution of the
calculated XRD integrated intensities and domain size corresponding to the B2 phase shown in (a) during annealing at 300°. (f) Time
evolution of disordered fcc domain sizes calculated for the (111) and (200) peaks shown in (b) during ramp annealing from 300 °C to 700 °C.
qualitatively similar with the samples annealed in helium gas.
Speciﬁcally, the Pd:Cu nanoparticle mixtures undergo the
same structural transformations. As in the case of thermal
treatments in helium gas, the samples were ﬁrst annealed at
300 °C (ﬁgure 6(a)) and then ramp annealed from 300 to
700 °C in forming gas (ﬁgure 6(b)). Figure 6(c) shows the
expanded range of the θ–2θ scan taken at room temperature
after each thermal treatment, highlighting the presence of two
structures, B2 structure and fcc structure, after annealing at
300° and up to 700 °C, respectively.
The evolution of the B2 (110) peak integrated intensity
and the XRD domain size at 300 °C are shown in ﬁgure 6(e).
The (110) integrated intensity is proportional to the B2 phase
volume, or in other words to the degree of alloying. The
incubation time is shorter than in the case of annealing in
helium gas (<100 s). Moreover, the growth of the ordered B2
domains is faster than in the case of annealing in helium gas
and is virtually complete in 200 s. The XRD domain size
rapidly increases to about 15 nm simultaneously with the
saturation of the integrated intensity. No signiﬁcant coarsen-
ing of the domains is seen at late times at this temperature.
The ﬁnal XRD size measured at room temperature was
15.9 ± 0.8 nm, a value that is larger than the B2 particle size
obtained during annealing in helium gas at the same
temperature. This indicates that the coalescence process in
the melted/disordered phase is facilitated by the forming gas
likely because H2 prevents the formation of various Cu and
Pd oxides.
The B2 phase formed at 300 °C decays when annealed at
higher temperature (ﬁgure 6(b)), while the disordered fcc
phase grows as evidenced from the emergence of the fcc
(111) and (200) reﬂections around 450 °C. The transforma-
tion from B2 to disordered fcc structure (spanning from
400 °C to 500 °C) proceeds faster and at slightly lower
temperature in the case of the Pd:Cu mixture annealed in
forming gas than in the case of annealing in helium. This
phase transformation is further illustrated by the evolution of
the calculated integrated intensities (ﬁgure 6(d)) and the
evolution of the domain sizes (ﬁgure 6(f)). Figure 6(d) shows
the integrated intensity of the three peaks corresponding to the
(110) of the ordered B2 phase, and (111) and (200) of the
disordered fcc phase. The decay of the B2 phase and
simultaneous growth of the disordered fcc phase become
visible around 400 °C. By 525 °C, the B2 phase is completely
consumed by the new phase. Moreover, ﬁgure 6(f) shows the
size of the fcc domains calculated from the width of the (111)
and (200) peaks. The disordered domains rapidly grow to
about 15 nm (the size of the starting B2 crystals) in the
400–500 °C temperature range. The fcc domains are slightly
asymmetrical, with the size along the (111) direction being
larger than the size along the (200) direction. Moreover, the
domains continue to coarsen throughout the remaining
thermal treatment to 700 °C. The XRD ﬁnal size (measured
at room temperature) of the disordered alloy nanoparticles
after annealing to 700 °C was 19.3 ± 0.1 nm. At this point we
have not examined the late-stage kinetics of particle growth at
high temperature, but we expect that once the solid-phase
transformation is complete, the particles will continue to
sinter following the model described in our previous work
[14].
Figure 7 shows a high-resolution image of PdCu alloy
nanoparticles formed after annealing of the mixture in
forming gas at 700 °C. The fast Fourier transform corre-
sponding to the blown-up region reveals a (111) plane with a
lattice fringe of 2.16 Å. The TEM-calculated size of the PdCu
alloy nanoparticles produced by annealing at 700 °C in
forming gas was found to be 28 ± 18 nm. Both our XRD and
TEM sizes indicate that the PdCu alloy nanoparticles
produced by annealing in forming gas at 300 °C and 700 °C
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Figure 7. (a) TEM image of the Pd:Cu nanoparticle mixture after annealing to 700 °C on SiO2/Si substrate in a forming gas atmosphere.
(b) The FFT from the region indicated in (a) reveal fcc structure along the [110] zone axis with (111) inter-planar spacing of 2.16 Å.
(c) A high resolution image of random alloy phase along [110] zone axis. Scale bars are 5 nm for images (a) and (c).
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Figure 8. (a) Color map of the XRD intensity evolution for a Pd:Cu nanoparticle mixture on carbon black substrate isothermally annealed at
300 °C in a helium gas atmosphere showing the formation of the ordered B2 phase. (b) Color map of the XRD intensity evolution for the Pd:
Cu nanoparticle mixture on carbon black ramp annealed from 300 °C to 700 °C in a forming gas atmosphere showing the transformation of
the B2 phase into a disordered fcc alloy phase. (c) θ–2θ XRD scans after annealing at 300 °C and 700 °C.
are larger, compared to ﬁnal sizes of the alloy nanoparticles
made by annealing in helium gas.
3.3. Pd:Cu nanoparticle mixtures on other substrates
3.3.1. Carbon black. We have previously investigated the
thermal evolution of Pd:Cu nanoparticle mixtures dispersed
on carbon black and annealed in helium gas [16]. The
nanoparticles form the B2 phase after annealing at 300 °C and
then undergo an incomplete transformation to a disordered fcc
alloy during ramp annealing to 700 °C, as shown in
ﬁgures 8(a) and (b). The lattice parameter of the B2
structure was estimated to be 2.93 ± 0.15 Å, and the XRD
crystalline domain size was 5.5 nm. The B2 phase transforms
into the fcc alloy phase around 450 °C. The phase
transformation is indicated by the shift of the peak at 51° to
lower angle and the growth of the fcc (200) peak at 58.5°. The
disordered fcc alloy displayed peaks at 50.2° (111) and 58.2°
(200) at room temperature (ﬁgure 8(c)), corresponding to a
lattice parameter of 3.68 Å and a crystalline domain size of
6 nm. The asymmetry of the (111) peak suggests that the
transformation is incomplete, even at 700 °C. The alloy
produced after annealing at 700 °C is Cu-rich, with a Pd
concentration of just 25%, slightly lower than the
composition of PdCu nanoparticles supported on SiO2/Si.
The domain sizes are considerably smaller than observed on
SiO2/Si substrates. In particular, no signiﬁcant grain growth
was observed at high temperature.
TEM imaging (not shown in here) also showed the
nanoparticles on carbon black to have smaller ﬁnal sizes as
compared to the ﬁnal sizes of the nanoparticles dispersed on
SiO2/Si substrates. For example, the TEM size distribution of
the PdCu alloy nanoparticles dispersed on carbon black and
annealed in helium gas at 700 °C was found to be bi-modal,
with peaks at 3.7 ± 0.1 nm and 6.4 ± 0.3 nm after counting 400
particles. The smaller particle size on carbon black is likely
due to the low particle loading and limited particle mobility
on carbon black as opposed to SiO2/Si substrates.
3.3.2. Alumina. The Pd:Cu nanoparticle mixtures were also
dispersed on alumina membranes and annealed in helium, as
shown in the color map of the XRD intensity evolution in
ﬁgures 9(a) and (b). The structural evolution of the
nanoparticle mixtures in this case was dramatically different
from the other substrates studied. On annealing at 300 °C, the
Pd and Cu metals appear to segregate to form separate fcc
almost-pure Pd and Cu phases. This is illustrated in ﬁgures 9(a)
and (c) by the presence of the Cu and Pd (111) and (200) x-ray
peaks. The Pd and Cu phases undergo grain growth without
signiﬁcant intermixing at this temperature. As a result of this
segregation, the B2 structure was never synthesized in these
Pd-Cu nanocatalysts dispersed on alumina. The Pd and Cu
metal phases remained separate until annealed well beyond
600 °C. Figure 9(b) is the color map of the intensity evolution
of the Pd:Cu nanoparticle mixture during ramped annealing
from 300 °C to 700 °C. Above 600 °C, the nanoparticles sinter
and the two metals interdiffuse, forming alloy phases. This
alloying temperature is signiﬁcantly higher than that of Pd:Cu
nanoparticle mixtures dispersed on carbon or SiO2/Si and
annealed in helium. On further analysis, we ﬁnd that the Pd:Cu
nanoparticle mixture forms two dominant alloy phases with
lattice parameters of 3.69 Å and 3.87Å. Using Vegard’s law,
we estimated the two alloy phases to be 30% and 90% Pd,
respectively. Hence we conﬁrm the formation of two different
alloys when dispersed in alumina, one rich in Cu, and another
one with very high Pd composition. Our results are in
agreement with Sun et al [12], who explored the Pd-Cu
catalysts on γ-Al2O3 and concluded that a bimetallic alloy is
formed at 800 °C with either Pd- or Cu-rich surfaces. There
was no evidence of formation of the B2 phase in their study,
either. However, Sanchez-Escribano et al [27] found evidence
of formation of both disordered fcc and ordered CsCl-like
structures for the Pd-Cu alloy prepared by co-impregnation and
supported on γ-Al2O3.
4. Discussion
A signiﬁcant body of knowledge on the structure and phase
transformations in binary nanoparticles systems comes from
theoretical simulations [28]. The PdCu system exhibits a
multitude of interesting ordered structures. In particular, in the
vicinity of 50% Pd-composition, PdCu alloys form an
ordered, body-centered, cubic-like CsCl structure (B2 phase)
at low temperature even though the constituents—Pd and Cu
—both have face-centered cubic lattices [23]. Some experi-
mental reports of bimetallic PdCu nanoparticles found for-
mation of the B2 phase at low temperatures [29]. Others,
however, found no evidence of the B2 phase. Zhu et al [30]
compared x-ray diffraction data with theoretical calculations
employing molecular dynamics/Monte Carlo–corrected
effective medium inter-atomic potential and concluded that
distorted fcc clusters of sizes less than 10 nm, rather than B2
clusters, are most likely formed. Furthermore, theoretical
studies by Shah and Yang [31] examined equiatomic PdCu
nanoclusters with spherical shape containing 50–10 000
atoms. They showed that the fcc structure is energetically
favored over the CsCl-like structure for cluster sizes up to a
few thousand atoms. They also predicted a structural transi-
tion from the fcc to the CsCl-structure for clusters consisting
of about 10 000 atoms. Shah et al supported their theoretical
calculations with experimental results that showed the dis-
torted fcc cluster to best ﬁt diffraction data for clusters of size
ranging from 6 to 10 nm. In contrast to the latter theoretical
and experimental ﬁndings, our experimental data identiﬁed
the ordered B2 phase as the stable phase for PdCu nano-
particles as small as 6 nm formed through thermal annealing
of Pd:Cu nanoparticle mixtures. This B2 phase transforms to
a disordered fcc phase above approximately 450 °C.
An important aspect of the structure of the nanoparticles
with consequences for chemical activity is component seg-
regation, especially to the surface. The elemental segregation
is expected to occur primarily on the surface of bimetallic
nanoparticles, leading to core-shell, or core-multi-shell, for-
mation. However, the results of theoretical studies on PdCu
nanoparticles have been mixed. Some studies have reported
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Figure 9. (a) Color map of the XRD intensity evolution for a Pd:Cu nanoparticle mixture on alumina substrate isothermally annealed at
300 °C in a helium gas atmosphere. No B2 phase is formed in this process. (b) Color map of the XRD intensity evolution of the Pd:Cu
nanoparticle mixture on alumina ramp annealed from 300 °C to 700 °C in a helium gas atmosphere showing the formation of a disordered fcc
alloy phase. (c) θ–2θ XRD scans after annealing at 300 °C and 700 °C.
surface segregation of Cu, while others have reported Pd
enrichment. For example, Mottet et al [32] performed Monte
Carlo simulations of unsupported PdCu clusters with fcc, bcc
polyhedra, and icosahedral structures. They found Cu segre-
gation on the surface with slight Pd enrichment just under the
surface for fcc and icosahedral structures. The segregation
was also dependent on the facet orientation; i.e., Pd atoms
preferentially occupy (111) facet sites. They also showed how
phase and morphological conﬁgurations change with size,
concentration, and temperature. Similarly, Zhu et al [30]
found that the surface layer is enriched with Cu, while the
second layer is Pd-rich, and they conﬁrmed the facet-depen-
dence of Cu enrichment. Renouprez et al [33] observed
higher concentration of Cu in PdCu clusters supported on
silica using low-energy ion scattering (LEIS) and Monte
Carlo simulations. The factors in favor of Cu surface segre-
gation include lower surface free energy, negative heat of
mixing when alloying, and difference in atomic radii of Cu
and Pd. However, Bradley et al [34] found Pd enrichment in
supported PdCu bimetallic alloys using x-ray absorption
spectroscopy (XAS) and attributed it to the strong driving
force of Cu to maximize coordination number with Pd.
Molenbroek et al [35] also used EXAFS to study nano-
particles with compositions ratio of Pd:Cu of 1:1 and 1:2
synthesized by atomic layer deposition and co-impregnation
techniques and found Cu-rich surfaces for alumina-supported
particles, but random alloying for silica supported particles.
Since we are investigating alloying in Cu:Pd nanoparticle
mixtures, we expect the thermally induced evolution of the
physical mixtures to be somewhat different from the evolution
of bimetallic PdCu nanoparticles. Coalescence of two nano-
particles is typically driven by surface diffusion. In the case of
two different metals, the coalescence can result in alloyed, core-
shell, or multi-domain particles. For PdCu, volume diffusion
also plays a major role in the intermixing of the constituents
into different alloy phases. The competition between surface
and volume diffusion may lead to non-uniform bimetallic
nanoparticles of different compositions with either Pd- or Cu-
rich surfaces. It is possible that the physical mixtures evolve in
a manner similar to bi-layers of Pd and Cu. Pomerantz et al [4]
have found the Kirkendall effect in PdCu bi-layers due to the
differences in the diffusion coefﬁcients of Pd and Cu.
To explore these issues, we investigated the possibility of
enrichment or segregation by either Pd or Cu in the annealed
nanoparticles using aberration-corrected HAADF-STEM and
EDX mapping of Pd:Cu nanoparticle mixtures supported on
carbon black and annealed to 700 °C in helium gas, as shown
in ﬁgure 10. EDX indicates approximately homogeneous
mixing of the two metals in the volume of the nanoparticles,
but also supports the possibility of slight Pd enrichment on
the surface. This ﬁnding is surprising considering
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Figure 10.HAADF-STEM and EDX maps of PdCu alloy nanoparticles after annealing to 700 °C on carbon black in helium gas: (a) HAADF-
STEM, (b) Cu map, (c) Pd map, and (d) combined Pd and Cu map.
expectations based on the composition of the mixture (34%
Pd: 66% Cu determined by ICP-AES) and theoretical pre-
dictions [30, 32, 33]. Moreover, in our experiments Cu needs
to diffuse from the surface to the volume, and therefore we
would expect Cu surface enrichment. However, our results
are consistent with a previous experimental study of PdCu
nanoparticles [8], and they suggest that the Pd-rich surface is
energetically stable at the nanoscale. EDX also shows the
presence of small Pd nanoparticles. Even though ﬁgure 10
indicates local elemental segregation on the surface of the
larger alloyed particles, more investigations are needed to
identify the dependence of surface segregation on the crys-
tallographic orientation of the facets.
We have not yet performed EDX of the alumina-sup-
ported nanoparticles for which the XRD data indicates large-
scale phase segregation at 300 °C and partial alloying when
annealed to 700 °C. The effect of the supporting substrate on
the alloying/segregation of multi-metallic nanoparticles is a
topic of extreme interest due to its relevance for catalytic
performance [36] and is still under investigation. At this point
we can only speculate that our observations of enhanced
segregation on alumina are related to strong and/or different
binding [33] of the original ultraﬁne Cu and Pd nanoparticles
on the alumina substrate and ensuing low particle mobility.
Signiﬁcantly different surface mobility of the two species in
the mixture may result in size/component segregation as early
as when the mixture is dispensed on the substrate, or later
when the mixture is heated to 300 °C. Either scenario would
explain the formation of pure Cu and Pd phases. These two
phases intermix to some extent as the sample is further
annealed above 600 °C, but since the degree of the transfor-
mation depends on the size of the Pd and Cu domains, tem-
perature, and duration of the heat treatment, the intermixing is
incomplete.
5. Conclusions
In situ real-time XRD and transmission electron microscopy
were used to examine the structural transformations in Pd:Cu
nanoparticle mixtures on several different support substrates
in high-purity helium and forming gas. Annealing of the
nanoparticle mixtures dispersed on SiO2/Si and carbon black
at 300 °C leads to formation of alloy nanoparticles with
chemically ordered CsCl-type (B2) structure. Upon further
annealing to 700 °C, the B2 structure transforms into a che-
mically disordered Cu-rich fcc alloy. The temperature range
of the transformation is consistent with expectations based on
the bulk Pd-Cu phase diagram. The behavior of silica- and C-
supported Pd:Cu nanoparticle mixtures was qualitatively
similar when the heat treatment was performed in high-purity
helium or forming (H2/N2) gas. The difference between ﬁnal
sizes for silica- and C-supported nanoparticles can be attrib-
uted to particle loading. A signiﬁcant quantitative difference
between the ﬁnal size of the nanoparticles was found for the
two types of atmospheres, with the nanoparticles annealed in
forming gas being larger than the nanoparticles annealed in
helium gas. This is caused by the reduction of the metal
oxides in H2/N2 gas that promotes nanoparticles coalescence
and sintering. EDX mapping of the nanoparticles annealed to
700 °C indicated slight Pd enrichment on the nanoparticle
surface. This surface Pd enrichment also explains the lower
than expected Pd composition calculated from the XRD data
for the volume of the disordered alloy.
The degree of metal intermixing is highly dependent on
the nature of the supporting material. The alumina-supported
Pd:Cu nanoparticle mixtures produced pure Pd and Cu phases
when annealed at 300 °C. Upon annealing to 700 °C, the
alumina-supported samples formed two distinct disordered
fcc alloys, a Cu-rich (30% Pd) and a Pd-rich (90% Pd) alloy.
The B2 structure was absent in the evolution of Pd:Cu
nanoparticle mixtures dispersed on alumina. Understanding
the implications of these ﬁndings to the control of catalytic
properties of the bimetallic nanoparticles is part of our
ongoing research.
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